Abstract The purpose of this study was to quantify radiation dose parameters of dual-source CT coronary angiography. Eighty patients underwent contrast-enhanced, retrospectively ECG-gated dual-source CT coronary angiography with heart rate-adapted ECG pulsing using two algorithms: In 40 patients, the tube current was reduced to 20% (A min1 ) of the normal tube current (A max ) outside the pulsing window; in 40 patients tube current was reduced to 4% (A min2 ) of A max . Mean CTDI vol in the A min1 group was 45.1±3.6 mGy; the mean CTDI vol in the A min2 group was 39.1± 3.2 mGy, with CTDI vol in the A min2 group being significantly reduced when compared to the A min1 group (P< 0.001). A significant negative correlation was found between CTDI vol and heart rate in group A min1 (r=−0.82, P< 0.001), whereas no correlation was found between CTDI vol and heart rate in group A min2 (r=−0.066). Using the conversion coefficient for the chest, dual-source CT coronary angiography resulted in an estimated mean effective dose of 8.8 mSv in the A min1 group and 7.8 mSv in the A min2 . Radiation exposure of dual-source CT coronary angiography using an ECG-pulsing protocol reducing the tube current to 20% significantly decreases with increasing heart rates, despite using wider pulsing windows at higher heart rates. When using a protocol with reduced tube current of 4%, the radiation dose is significantly lower, irrespective of the heart rate.
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CT represents the most important source of ionizing radiation arising from medical exposures [9] . As the basic principle of radiation protection, harmful radiation exposure should be kept "as low as reasonably achievable (ALARA)." This principle must be kept in mind particularly regarding electrocardiography (ECG)-gated CT coronary angiographies that are dose-intensive examinations [10, 11] . For reducing radiation dose in cardiac CT, the technique of ECG-based tube current modulation has been introduced, which is characterized by modulation of the tube current throughout the cardiac cycle allowing reduction of the dose by as much as 50% [12] . Dual-source CT scanners allow for flexible ECG-based tube current modulation with variable window widths of the full current phases that can be narrowed down to a temporal window of 110 ms [5] . In addition, radiation dose is further minimized through adaptation of the pitch to the heart rate, with an increase in pitch at higher heart rates [13] . This adaptation directly leads to a decrease in patient dose, as the average dose within the scan volume is directly proportional to 1/pitch [11] .
McCollough and coworkers have recently shown that the simultaneous operation of two X-ray tubes need not contribute to an increase in radiation dose for ECG-gated cardiac CT examinations [13] . In a phantom study, the authors have demonstrated a reduction in dose by a factor of up to two with equivalent image noise relative to singlesource CT, depending on the heart rate. However, this phantom study made assumptions about the appropriate temporal window width by choosing a window of 110 ms at lower heart rates and a wider window of 330 ms at higher heart rates that may not be adequate in patients [13] .
The aim of this study was to quantify radiation dose estimates in patients undergoing dual-source CT coronary angiography.
Materials and methods

Patients
Eighty patients (32 females, 48 males, mean age 65± 11 years, range 45-87 years) who have had a clinically indicated CT coronary angiography examination were retrospectively included in this study. Exclusion criteria for CT coronary angiography were renal insufficiency (serum creatinine level >150 μmol/l) and allergy to iodinated contrast media. Reasons for referral were atypical chest pain in combination with a low-to intermediate pre-test probability of coronary artery disease in all patients. The local ethical committee approved the study; written informed consent was waived.
Dual-source CT scanning protocol
Three minutes prior to the scan, patients received a single dose of 2.5 mg s.l. isosorbiddinitrate (Isoket, Schwarz Pharma, Monheim, Germany). No beta receptor antagonists for heart rate control were administered even in patients with high or irregular heart rates.
All CT examinations were performed on a dual-source CT scanner (Somatom Definition, Siemens Medical Solutions, Forchheim, Germany). Contrast-enhanced dual-source CT covered a scan range from a level of the aortic root to the diaphragm. A biphasic contrast media protocol was administered that was adjusted to the varying scan duration. A bolus of 60-80 ml contrast media (Visipaque 320, 320 mg/mL, GE Healthcare, Buckinghamshire, UK) was injected into an antecubital vein via an 18-gauge catheter with a flow rate of 5 ml/s followed by the same amount as the first phase with a dilution of 1:5 parts saline solution.
Contrast agent application was controlled by bolus tracking. The region of interest was placed into the aortic root, and image acquisition started 5 s after the signal attenuation reached the predefined threshold of 140 Hounsfield units (HU). Data acquisition was performed in a cranio-caudal direction with a tube current-time product of 350 mAs per rotation, tube potential of 120 kV, detector collimation of 2×32×0.6 mm, slice acquisition of 2×64×0.6 mm by means of a z-flying focal spot, gantry rotation time 330 ms, and pitch of 0.2-0.5 automatically adapted to the heart rate.
ECG-gated pulsing ECG pulsing of tube current for radiation dose reduction was used in all 80 patients (Fig. 1) . The pulsing window (in % of the RR interval) was adjusted to the individual heart rate of the patient as previously recommended [14] (Fig. 2) .
At heart rates 1. below 60 beats per minute (bpm), full tube current (A max ) was applied from 60 to 70%, 2. from 60 to 69 bpm, A max was applied from 60 to 80%, 3. from 70 to 79 bpm, A max was applied from 55 to 80%, and 4. above 79 bpm, A max was applied from 30 to 80%.
The full tube current (A max ) was reduced outside the adjusted pulsing windows 1. to a minimum tube current A min1 =0.20×A max in 40 patients and 2. to a minimum tube current A min2 =0.04×A max (MinDose, Siemens) in 40 patients.
Dual-source CT image reconstruction
Retrospective ECG-gating pulsing was used to synchronize the data with the ECG. A mono-segment reconstruction algorithm was used [5] . Images were reconstructed with a slice thickness of 0.75 mm and an increment of 0.4 mm using a soft-tissue convolution kernel (B26f). Images were reconstructed in 5% steps of the RR-interval within the window of full tube current. All data were transferred to an evaluation workstation (Siemens).
Estimation of radiation dose
The effective dose of CT coronary angiography was estimated by a method proposed by the European Working Group for Guidelines on Quality Criteria in CT [15] . This method has been shown to be of reasonable robustness and Whereas analysis of ventricular function is still possible using images at 20% tube current, images at 4% can no longer be used for this purpose. b Oblique multi-planar reformations of the proximal left coronary artery showing the different image noise with 100%, 20%, and 4% of the normal tube current Fig. 1 Triage of the 80 patients (n: number of patients per group). In 40 patients the minimum tube current (A min1 ) was 20% of the normal tube current (A max ) outside the described pulsing window. In 40 patients, the minimum tube current (A min2 ) was reduced to 4% of the full tube current (A max ) outside the pulsing window. The normal tube current (A max = 100%) was applied at different pulsing window widths adjusted to the individual patient's heart rate high consistency for estimating the effective dose [16] . The effective dose was derived from the product of the doselength product and a conversion coefficient for the chest as the investigated anatomic region. This conversion coefficient (k=0.017 mSv/(mGy×cm)) is averaged between male and female models from Monte Carlo simulations [17] . This technique is used to determine specific organ doses by simulating the absorption and scattering of X-ray photons in various tissues by using a mathematical model of the human body.
The parameters for the dose-length product and CTDI vol , which averages the radiation dose in the x-, y-and zdirections, were obtained from the protocol that summarized the relevant individual radiation exposure parameters for the coronary CT investigation. The scan length (z) and pitch of the CT coronary angiography examinations were recorded in all patients.
Conventional CT dose metrics are fully applicable to dual-source CT because the radiation from each tube add together in a straightforward linear manner, with each dose independent of the other [13] . Hence, measurements with each tube separately energized or with both tubes simultaneously energized result in the same combined dose values.
Image quality
To assess the impact of the two different scanning protocols on image quality, a qualitative assessment of coronary segments was performed. For data analysis, coronary segments were determined according to recommendations of the American Heart Association from 1975 [18] . All reconstructed images were evaluated and classified by two independent and blinded readers (with 2 and 9 years of experience in cardiovascular radiology) using transverse source images, multi-planar reformations (MPR), and thinslab maximum intensity projections (MIP) on a per-segment basis.
Both readers assessed the image quality of each coronary segment on a 2-point ranking scale:
1. Excellent (no artifacts), good (mild artifacts, unrestricted evaluation), or adequate (moderate artifacts, but still diagnostic) image quality, and 2. Poor image quality (severe artifacts leading to nondiagnostic examinations) due to motion artifacts (defined as vessel movement resulting in blurred or doubled vessel contours).
For any disagreement in data analysis, consensus agreement was achieved.
Statistical analysis
Numerical values of continuous variables are expressed as means ± standard deviations (SD) and categorical variables as frequencies or percentages. For ordinal variables, comparisons of the two groups were performed with the chi-square test and Fisher's exact test, where appropriate. For continuous data, correlation analysis was performed using Spearman rank order correlation coefficients. MannWhitney-U tests were used to ascertain the significance of differences. A P-value of less than 0.05 was considered to indicate statistical significance. Data analysis was performed using commercially available software (SPSS 12.0, Chicago, IL).
Results
Dose parameters (CTDI vol , DLP, and z) were available in the patient protocols of all examinations. The mean scan range (z) was 124±11 mm (range 97-147 mm). All patients were in sinus rhythm with a mean heart rate of 70±17 bpm (range 36-124 bpm), no premature heart beats occurred. ECG-based tube current modulation was successfully applied in all examinations.
In group A min1 (mean heart rate 72±18 bpm, range 50-124 bpm), ten patients had a heart rate below 60 bpm (mean 54±3 bpm, range 50-59 bpm) with A max applied from 60-70% of the RR interval; ten patients had a heart rate between 60-69 bpm (mean 64±2 bpm, range 61-68 bpm) with A max applied from 60-80% of the RR-interval; ten patients had a heart rate between 70-79 bpm (mean 74± 3 bpm, range 71-79 bpm) with A max applied from 55-80% of the RR interval, ten patients had a heart rate above 79 bpm (mean 97±14 bpm, range 82-124 bpm) with A max applied from 55-80% of the RR interval (see Fig. 1 ).
In group A min2 (mean heart rate 67±15 bpm, range 36-100 bpm), 13 patients had a heart rate below 60 bpm (mean 51±7 bpm, range 36-59 bpm) with A max from 60-70% of the RR-interval; 11 patients had a heart rate between 60-69 bpm (mean 63±3 bpm, range 60-68 bpm) with A max was applied from 60-80% of the RR-interval; 7 patients had a heart rate between 70-79 bpm (mean 76±2 bpm, range 74-79 bpm) with A max from 55-80% of the RRinterval; 9 patients had a heart rate above 79 bpm (mean 89±7 bpm, range 82-100 bpm) with A max from 55-80% of the RR interval (see Fig. 1 ).
No significant differences were found regarding heart rate (P=n.s.) and scan range (P=n.s.) between group A min1 and group A min2 .
Estimation of radiation dose
In group A min1 , mean CTDI vol was 45.1±3.6 mGy (range 39.6-54.5 mGy) and mean DLP was 522.1±40.9 mGy× cm (range 537.2-592.8 mGy). Calculation of the effective dose (product of DLP with the conversion coefficient for the chest) revealed a mean Dose eff of 8.8±0.7 mSv (Table 1) .
In group A min2 , mean CTDI vol was 39.1±3.2 mGy (range 31.9-46.8 mGy) and mean DLP was 459.4± 62.7 mGy×cm (range 338.2-555.0 mGy). Calculation of the effective dose revealed a mean Dose eff of 7.8±1.1 mSv (Table 1 ).
Significant differences were found between group A min1 and group A min2 for CTDI vol (P<0.001), DLP (P<0.001), and Dose eff (P<0.001).
A significant negative correlation was found between CTDI vol and heart rate in group A min1 (r Amin1 =−0.82, P< 0.001) (Fig. 3a) . No significant correlation was found between CTDI vol and heart rate in group A min2 (r Amin2 = −0.066, P=n.s.) (Fig. 3b ).
Image quality A total of 116 segments was missing because of anatomical variants (primarily due to presence or absence of segments 15 and 16). A total of 1,164 coronary segments was evaluated regarding image quality.
Inter-observer agreement for image quality rating was excellent (kappa=0.81). Immediate agreement between both observers was achieved in 98% of the segments, while consensus reading was necessary in the remaining 2%. Image quality was considered by both readers as being diagnostic (score 1) in 1,129/1,164 (97%) of the segments and as being non-diagnostic (score 2) in 35/1,164 (3%) of the segments. Reasons for non-diagnostic image quality were extensive motion artifacts in all. Coronary segments with non-diagnostic image quality were all distal side branches (segments 4, 10, 14, and 15). No significant differences (P=n.s.) regarding image quality were found comparing that of protocol A min1 and protocol A min2 .
Discussion
This study demonstrates that dual-source CT coronary angiography using a protocol with 350 mAs/rotation and 120 kV results in an average estimated radiation dose of approximately 8.8 mSv when implementing an ECGpulsing with tube current reduction to 20%. With this protocol, radiation dose significantly decreases at increasing heart rates. Using the same tube current and voltage and an ECG-pulsing with tube current reduction to 4%, average estimated radiation dose is significantly lower being approximately 7.8 mSv and stays relatively constant across different heart rates. [10] . The CTDI vol takes the average radiation dose in all three directions (i.e., x-, y-, and z-direction) into account. It provides an easily measurable dose parameter, which estimates the average radiation within the irradiated volume of one CT acquisition based on a standardized phantom [19] . The value of the CTDI vol is directly related to the overlap between adjacent slices, which varies by the slice thickness and the distance between the acquired slices. Distance increases in a helical scanning mode by an increasing pitch. The DLP reflects the total energy absorbed by the patient that represents the z-directional integration of the CTDI vol [10] . Therefore, the scan length has to be kept as short as possible. In order to describe the risk of a partial, non-uniform body exposure relative to an equivalent wholebody exposure, the Dose eff best classifies the risk of biological injuries [20] .
Radiation dose in cardiac CT
In cardiac single-source multi-slice CT, faster rotation times deliver an improved temporal resolution, but do require a slower pitch to avoid discontinuities of the anatomic coverage when images are reconstructed from consecutive cardiac cycles [11] . Hence for most single-source multidetector row CT systems, better temporal resolution in cardiac spiral CT comes with the price of a higher dose [11] . These conclusions do not apply to the dual-source CT system [13] , which allows heart rate-adapted pitch values and a temporal resolution of 83 ms providing singlesegment reconstructions at all heart rates [5] . Therefore, the pitch can be increased at elevated heart rates because multisegment reconstruction must not be used [5] . The higher table travel velocity effectuates the duration of exposure and thereby reduces dose, not only by reducing the overlap of adjacent slices [5] . In a recent phantom study evaluating the dose performance of dual source CT, the most severe dose reductions were shown as the heart rate increased and therefore the pitch raised [13] .
We found a significant reduction of CTDI vol with higher heart rates using the ECG-based tube current modulation with lowering of the tube current to 20% outside the normal tube output window. Importantly, this reduction was present despite continuously wider ECG-pulsing windows from 60-70% at lower to 30-80% of the R-R interval at higher heart rates [14] . This confirms the predominant role of increasing pitch for radiation dose reduction that outweighs the wider window with full tube current at higher heart rates.
In contrast, increasing the pitch at higher heart rates did not result in decreasing radiation when using the ECGbased tube current modulation protocol with reduction to 4% outside the full tube current window. With this protocol, dose stayed relatively constant at a lower level. Comparing the two scatterplots in Fig. 3 shows that radiation dose saving using the ECG-pulsing protocol with 4% reduction is most effective at lower heart rates.
Compared to previous 64-slice CT scanners, the generators and rotating envelope tubes used in dual-source CT systems allow faster tube current transitions from full to low tube current and vice versa [21] . This results in a decrease of total dose delivered to obtain the maximum tube current for the desired ECG-pulsing window, as less time is spent ramping up to and down from the target tube current [13] . With increasing heart rates, the window for tube current reduction gets shorter, both due to wider pulsing windows and shorter absolute R-R-interval duration. The most likely explanation for constant radiation at high heart rates with the 4%-tube current reduction protocol is that the time to ramp-down and ramp-up the tube may be still too long. The other way around, at lower heart rates, tube current reduction to 4% obviously has its major impact by further reducing radiation through the compensation of lower pitch values.
Certainly, the decision on whether or not implementing the protocol with tube current reduction to 4% relies on the intent whether or not to use data for analysis of ventricular function. Whereas data at 20% of the full tube current are of adequate image quality to allow for accurate analysis of ventricular function, data at 4% are no longer useful for that purpose. Most recently, it has been shown that high quality images throughout the cardiac cycle may still be available despite the use of ECG-based tube current reduction through interpolation of data that were acquired during the normal tube current phase [22] .
Radiation dose in cardiac CT vs. catheter angiography Reviewing the literature reveals that studies on radiation exposure caused by catheter coronary angiography are conspicuously rare. Depending on the studies, effective doses ranged from 4.2 to 21.8 mSv for diagnostic invasive procedures [23] . Coles and coworkers [24] have recently reported a mean radiation dose of 5.6 mSv for catheter coronary angiography. On the other hand, a recent survey on diagnostic catheter angiographies has revealed effective doses higher than 100 mSv in 2% of the diagnostic procedures [25] .
Previous single-source 64-slice CT coronary angiography studies have reported estimated radiation doses of up to 21.4 mSv without the use of the ECG-pulsing technique [3] . On the other hand, Hausleiter et al. [16] reported a mean effective dose of 14.8 mSv for single-source 64-slice CT coronary angiography without and 9.4 mSv with use of ECG-pulsing. Our study documents an estimated mean effective dose of 7.8 mSv or 8.8 mSv for dual-source CT coronary angiography, depending on the ECG-pulsing protocol used.
It should be always kept in mind, however, that the overall risk of an examination is a weighted summation of the risk contribution of each component of the procedure. This means that when comparing the risk of catheter coronary angiography to that of CT coronary angiography, there are risks common to both procedures, such as adverse effects to iodinated contrast media and radiation, but there are also risks unique to each examination [26] . Catheter coronary angiography, for example, implies additional risks to the patient through a major complication rate of 1.7% associated with catheterization, yielding a considerable non-radiogenic risk of mortality [26] . This must be imposed onto the potential risk associated with X-ray radiation of the technique.
Study limitations
It is well known that mathematical estimations of effective doses for CT protocols may underestimate or overestimate the true radiation exposure to the patient [27] . However, as a matter of fact, it is not possible to measure the delivered dose within a patient. Therefore, we considered in this study the most useful parameters to describe and compare radiation doses received from CT examinations [10] . We used a tube current-time product of 350 mAs combined with a tube voltage of 120 kV. No studies exist so far that provide information about the lowest tube current-time product possible in order to maintain a low image noise while maintaining diagnostic image quality with dualsource CT. In addition, circumference-adapted tube current regulation [28] or tube current-time product adaptation to body weight combined with online tube current modulation [29] has been shown to deliver chest examinations with lower dose and without loss of information. Another important approach for reducing radiation dose is the reduction of tube voltage [16] , because the radiation dose varies with the square of the tube voltage. In addition, we did not assess the feasibility and radiation dose of dualsource CT coronary angiography using prospective ECGtriggering, which is known to further reduce radiation. Further studies are needed to determine the lowest acceptable tube current-time product and tube voltage to maintain diagnostic image quality and to assess the feasibility of prospective ECG-triggering for CT coronary angiography.
Conclusion
Dual-source CT coronary angiography with 350 mAs/ rotation and 120 kV results in an estimated mean effective dose of 8.8 mSv or 7.8 mSv, depending on the ECGpulsing algorithm used. Radiation dose associated with the protocol reducing tube current to 20% outside the pulsing window significantly decreases with increasing heart rates, despite using wider pulsing windows at higher heart rates in order to maintain diagnostic image quality. Radiation dose stays constant at a significantly lower level when using ECG-pulsing with reduction of tube current to 4%, irrespective of the heart rate during the examination.
